According to neuropsychological models of ADHD, deficits of working memory are regarded as an essential cognitive phenotype for the disorder (Barkley, 1997; Castellanos & Tannock, 2002; Martinussen & Tannock, 2006) . The primary goal of the present study was to compare the functioning of the phonological loop and the central executive system in the situation of manipulation of verbal material in children with ADHD (inattentive and mixed subtypes) and without ADHD. 132 children 9-11 years old were examined. Results revealed worse performance of tasks in ADHD children than in healthy children. It may be considered not as a result of difficulties in the performance of operations on verbal material (central executive system) but as a consequence of difficulties in the material maintained in the phonological loop of verbal working memory. There were no differences between mixed ADHD and inattentive ADHD groups.
(passive storage, rehearsal of one-or multimodal information, operation of information). The current version of the model (Baddeley, 2003; Binder, 2001; Szatkowska, 2005) outlines four main components: central executive, phonological loop (containing the phonological store and an articulatory rehearsal component), visuospatial sketchpad (composed of visual cache and inner scribe) and episodic buffer. The main task of the phonological loop and the visuospatial sketchpad is temporary storage of verbal and visuospatial information, respectively. The episodic buffer has the task of storing complex and multimodal information. The central executive performs several functions: 1/ it processes information stored in buffers, 2/ it coordinates the work of memory buffers and allocates memory resources, especially when more than one task must be done at the same time, and 3/ it controls information processing.
An important direction of research into working memory has been the problem of its neuronal basis. Brain imaging studies have revealed that brain areas activated during working memory tasks are scattered over a large part of the cortex. Some studies (Van Rooy et al., 2001; Westerberg et al., 2001; Baddeley, 2003) showed activity of the prefrontal and parietal networks which occurred in different regions depending on the nature of the information processed. During phonological tasks (i.e. memorizing word lists), strong activity was observed in the anteromedial frontal gyrus and the inferior parietal lobe (Baddeley, 2003; Vallar & Papagno, 2002; Smith & Jonides, 1997; Jodzio, 2008) . Performance on visual tasks (i.e. storage of information about shapes and colours of letters) activated the posterior prefrontal regions in medial and superior frontal gyrus and in the superior parietal lobe (Van Rooy et al., 2001; Smith & Jonides, 1997; Binder, 2001; Baddeley, 2003) . However, task dependent differences in brain activity were limited to the occipital region for the spatial memory tasks, to the inferior temporal region for object memory tasks, and to Broca's area for the verbal memory tasks. Brain imaging studies show a tendency for verbal tasks to recruit more left-hemisphere areas and for spatial working memory to activate more right-hemisphere regions.
Brain imaging studies also provide evidence of the dissociation between storage and rehearsal aspects of working memory. The left posterior parietal cortex is responsible for storage of verbal information but left frontal regions (Broca's area, the premotor cortex and the additional motor cortex) are involved in rehearsal (Baddeley, 2003; Binder, 2001) . Storage of spatial information in working memory activates the right posterior parietal regions but rehearsal recruits the right premotor cortex (Van Rooy et al., 2001; Baddeley, 2003) . The dorsolateral prefrontal cortex is evoked by the process of manipulating information in working memory (Smith & Jonides, 1997; Szatkowska, 2005) . The dorsolateral prefrontal cortex is activated in executive function tasks when monitoring information stored in working memory, shifting between tasks, applying rules maintained in working memory, and when planning a series of movements is involved (Baddeley, 2003; Binder, 2001; Szatkowska, 2005; Andres, 2003) .
Working memory in ADHD
According to neuropsychological models of ADHD, deficits of working memory are regarded as an essential cognitive phenotype for the disorder (Barkley, 1997; Castellanos & Tannock, 2002; Martinussen & Tannock, 2006) . Nevertheless, the results of empirical assessments of working memory in ADHD children are inconsistent. One explanation for this variability in the studies is the use of disparate sampling criteria with or without controlling for comorbidity between ADHD and dyslexia or other language learning disorders. Consideration of this variable sampling is important because some results have suggested that in children with isolated language disorders (without ADHD) deficits were observed in verbal and spatial storage and in the functioning of the central executive component of working memory.
Some sparse reported findings suggest that ADHD children (with or without language impairments) as well as children with isolated language disorders, exhibit weakness in all aspects of working memory (Wu et al., 2006) . Nevertheless, children with language difficulties (with or without ADHD) exhibit more severe deficits in verbal storage. This suggests that deficits of verbal storage are specifically associated with language disorders and not with ADHD. It was also found that deficits in the executive verbal or spatial component were associated with symptoms of inattention but not with symptoms of impulsivity-hyperactivity. However, there were discrete differences in the results dependent on whether or not IQ was controlled for (Cohen et al., 2000; Wu et al., 2002; Martinussen & Tannock, 2006) .
According to Barkley's model, executive function impairments (Barkley, 1997 ) and deficits in the central executive component of working memory are associated with ADHD impulsive-hyperactive and combined subtypes, but not with the ADHD inattentive subtype. There is little research investigating ADHD subtype differences across multiple components of working memory. Existing findings suggest that deficits in the central executive components of working memory are more strongly associated with inattention than with the hyperactivity-impulsivity dimension, what is inconsistent with Barkley's model (Wu et al., 2006; Brocki et al., 2007) . Martinussen and Tannock (2006) examined differences in the components of working memory functioning among ADHD with and without comorbid language learning disorders, and relations between working memory impairments and symptoms of inattention and hyperactivity /impulsivity. Four groups of children participated: isolated ADHD, isolated language disorder, comorbid ADHD and language disorder and control. ADHD children with or without comorbid language learning disorder exhibited deficits in visual-spatial storage and in visual-spatial and verbal central executive. Children with language learning disorder, regardless of comorbidity with ADHD, exhibited impairments in verbal and visual-spa- FULL IQ in WISC-R; OLP -total scores on ADHD Rating Scale; LPN -scores on the ADHD Rating Scale inattention sub-scale; LPI -scores on the ADHD Rating Scale hyperactivity-impulsivity sub-scale; LKN -the number of recognized diagnostic categories on the inattention scale (i.e. observed often and very often in child's behavior) in ADHD Rating Scale; LKI -the number of recognized diagnostic categories on the hyperactivityimpulsivity scale (i.e. observed often and very often in child's behavior) in ADHD Rating Scale; = "not significant difference"; < and > "significant difference (p < 0.05)"; *** -significant on p < 0.001 tial storage as well as in central executive components of working memory. This result suggests that verbal storage weakness is specific with language disorders but not with ADHD. Symptoms of inattention but not hyperactivity/impulsivity were associated with verbal and visual-spatial central component measures independent of language ability. It seems that working memory deficits was more strongly related to inattentive than to hyperactivity-impulsivity subtypes of ADHD. The primary goal of the present study is to compare the functioning of the phonological loop and the central executive system in the situation of manipulation of verbal material in children with and without ADHD. A second objective of this study is to compare the functioning of each component of working memory in children with ADHD inattentive and mixed subtypes.
Participants
132 children with and without ADHD were examined. All the children in the ADHD group met the DSM-IVTR criteria of that disorder. Each child who met those criteria was further classified according to ADHD subtypes An assessment of the symptoms was made using:
-a clinical interview with the children's parents, -two scales with wide diagnostic spectrum of Thomas M. Achenbach: Child Behavioural Checklist -CBCL ) and Teacher's Report Form -TRF (Achenbach, 1991), -ADHD Rating Scale (DuPaul et al., 1998) , -the Iowa-Conners (IOWA) Questionnaire for parents and teachers (DuPaul et al., 1998) . Children with the ADHD mixed subtype formed the first experimental group (mixed ADHD n = 64; 59 boys and 5 girls), while the second group was made up of children with the ADHD inattentive subtype (inattentive ADHD n = 21; 17 boys and 4 girls). The control group consisted of children without impairments (control n = 47, including 40 boys and 7 girls). All participants were 9-11 years old. The sample characteristics are shown in Table 1 .
Group differences were tested with U Mann-Whitney test.
Methods: evaluating of verbal working memory The auditory serial addition task
This task was developed specifically for this study. It demands simultaneous maintaining of the received information (numbers) in memory and performing mental operations (addition) on these data. Participants were asked to listen to a sequence of 30 numbers between 1 and 9, played from an audiotape. The numbers were presented in random fixed order at 4 second intervals. The task was to add the number currently heard to the one preceding it and to give the result of this operation. The task seems to be mathematically easy because the addenda never exceeded 9. Nevertheless, difficulties arose due to the necessity of maintaining the previously given and actually presented numbers (the active phonological loop), of performing addition of these numbers (the active central executive system) and, finally, of articulating the result. The material was presented by use of an audio tape to obtain similar conditions for the stimuli presentation (time intervals between numbers and the way of number demonstration). Because of this, it was not possible to wait for the child to produce a response. If the participant didn't do the task during four seconds, he could miss the actually added numbers and start in any moment after hearing the next number. Two types of incorrect answers could be registered. They were: addition mistakes (called "errors") and missing reactions, that is, passing over the addition of numbers. Additionally, the experimental material was divided into three parts: the first ten numbers, the second ten numbers, and the last ten numbers. The performance of these three parts was compared, which allowed observing potential changes in the dynamics of the cognitive processes. The following indexes of the performance were estimated:
1. number of missing reactions in the first part 2. number of missing reactions in the second part 3. number of missing reactions in the third part 4. total number of missing reactions 5. number of incorrect reactions in the first part 6. number of incorrect reactions in the second part 7. number of incorrect reactions in the third part 8. total number of incorrect reactions. The serial subtraction from 100 by "n" value without and with an external distractor This task was intended to measure the storage of information, performing operations on stimuli and selective attention (Domañska, 2004) . The task consisted of two parts. In the first part the classical version of a neuropsychological trial relying on subtraction of the "n" value from 100 was administered (Lezak, 1983; Strauss, Sherman, Spreen, 2006) . On account of the age of participants (children from 9 years old) the "n" value was three (the lower difficulty level). In the second part, the same task was performed, but in the presence of an external distractor which was auditory stimuli (a radio news program) played from a tape recorder. The instruction stated that participants shouldn't pay an attention to the content of the program. The primary aim of the second part of the task was to check if an auditory distractor had a significant adverse effect on the progress of subtraction. The indices of the performance of this task were:
1. The time of subtraction performance without the presence of the distractor 2. The time of subtraction performance in the presence of the distractor 3. The number of type I mistakes in both experimental situations 4. The number of type II mistakes in both experimental situations.
The answers were considered as type I mistakes when participants made some small error in counting, i.e. the result given differed from the correct answer by 1 or 2. When a child made a decade error, e.g. "97, 94, 91, 78, 74, 71, 78, 74, 71…" it was treated as a type II mistake. It was often the case that the values of digits were reported correctly, but the decade values were not.
Results

The auditory serial addition task
This task involves working memory processes, concentration on the task and divisibility of attention (allocation of resources needed for simultaneous performance of two mental tasks). Figure 1 presents average performance accuracy of all groups.
In mixed ADHD children, there was a tendency to increase the numbers of missing reactions with time, while no change was observed in the number of counting mistakes. Wilcoxon Matched-Paired Test showed that the number of Figure1 . Average numbers of mistakes in three parts of the auditory serial addition task in separate groups
Missing reaction 1 -number of missing reactions in the first part of the task Missing reaction 2-number of missing reactions in the second part of the task Missing reaction 3 -number of missing reactions in the third part of the task Error 1 -number of incorrect reactions in the first part Error 2 -number of incorrect reactions in the second part Error 3 -number of incorrect reactions in the third part missing reactions was significantly lower in the first part of the task than in the second (Z = 3.670, p < 0.001) and in the third (Z = 3.377, p < 0.001). The difference between the second and the third parts was not statistically significant (Z = 1.198, p > 0.05). Differences in number of errors were not statistically significant.
A similar tendency was observed in inattentive ADHD children. The number of missing reactions was significantly lower in the first part than in the second part (Z = 1.917, p < 0.05) and the third part (Z = 2.044, p < 0.05) of the task. The difference between the second and third parts was not statistically significant (Z = 0.504, p > 0.05). Differences in errors were not statistically significant.
In the control group, there were significantly fewer missing reactions in the first than in the second part (Z = 3.107, p < 0.01). In the third part the number of missing reactions decreased in comparison with the second part (but the difference still was not significant Z = 1.505, p > 0.05). On the other hand, the difference between the first and third part was significant (in the third part higher than in first Z = 2.515, p < 0.05). The lower number of missing reactions in the third part (which was not significantly different from the number of mistakes in the second part) may be attributed to gaining skill in the task. Differences in performance on the simultaneous sum task between groups are presented in Table 2 . There were no statistically significant differences between the inattention type ADHD and mixed type ADHD in the simultaneous sum task. The number of missing reactions as well as the number of counting mistakes was similar.
In contrast, children from the control group showed significantly fewer missing reactions in each of the three parts of the task (missing reactions 1 Z = 4.189, p < 0.001; missing reactions 2 Z = 3.013, p < .01; missing reactions 3 Z = 4.584, p < 0.001), and in total score of missing reactions (Z = 4.595, p < 0.001), when compared with the mixed ADHD group. The analysis of numbers of counting mistakes revealed statistically significant differences only in the second part of task. This means that children without symptoms of ADHD made significantly fewer mistakes in the middle part of the task (error 2 Z = 2.114, p < 0.05). The total number of mistakes also differed in these groups (Z = 2.602, p < 0.01).
Children with the inattention type of ADHD differed from children without ADHD to a lesser degree than children with the mixed type of ADHD. There were significantly more missing reactions in the second part (Z = 2.200 p < 0.05), the third part of the task (Z = 2.661, p < 0.01) and in the total score (Z = 2.368, p < 0.05). Results of the first part of the task (number of missing reactions 1) did not reveal differences between these two groups. The total score of errors was significantly greater in the inattentive ADHD group than in the control, nevertheless there were no differences between these groups in the performance of separate parts of the task. = "non significant difference" < and > "significant difference (p < 0.05)"
The serial subtraction from 100 by "n" value without and with an external distractor Results obtained by the children in this task should be investigated from two points of view: firstly, if differences between groups were shown, secondly, if effects of the external distractor were present among children in each group.
While type I mistakes can show attention disturbances, and in the case of small children also difficulties in counting, type II mistakes may be considered as the consequence of difficulties in concentration and in verbal working memory.
Analysis of time in completing the non-distractor condition showed significant between-group differences. The largest emerged between mixed ADHD and the control groups (Z = 2.618, p < 0.01). Children from the control group also differed from the inattention ADHD group (Z = 1.996, p < 0.05). The two ADHD groups did not differ significantly (Z = 1.128, p > 0.05). In the distractor condition, the differences between control and mixed ADHD groups (Z = 3.099, p < 0.01) and between control and inattentive ADHD groups (Z = 2.581, p < 0.01) were even greater. The two ADHD groups did not differ significantly.
The frequency of type I mistakes and type II mistakes in the non-distractor condition was similar in the three groups. In the distractor condition, the control group was significantly more accurate than the mixed ADHD group (Z = 3.939, p < 0.001) as well as the inattention ADHD group (Z = 1.996, p < 0.05). The difference between the two ADHD groups was not significant (Z = 1.029, p > 0.05). The same pattern emerged when type I mistakes and type II mistakes were analyzed.
Overall, the results indicate that the ADHD children are slower than their typically developing peers. They are also less accurate, but only when they are required to carry out calculations in the presence of auditory distractors. Thus, the distractor's influence appeared to be very important. In order to explore this further, within-subject comparisons (using the Wilcoxon Test) were carried out between the distractor and non-distractor conditions, separately for each group.
The presence of distractors significantly increased the frequency of errors of the first type in the inattentive ADHD group (Z = 2.392, p < 0.05). It had no significant effect on the mixed ADHD group (Z = 0.460, p > 0.05). In contrast , the control group made significantly fewer mistakes in the distactor than no distractor condition (Z = 2.372, p < 0 .05) (see Table 4 ).
Errors of the second type were significantly more frequent in the distractor condition in the mixed ADHD group (Z = 2.856, p < 0.01), but not in the inattentive ADHD group (Z = 1.111, p > 0.05). In the control group, the errors were, again, less frequent in the distractor condition, though the difference was not significant (Z = 0.706, p > 0.05).
Finally, both ADHD groups were slightly (and non-significantly) slower in the presence of distractors (mixed ADHD: Z = 1.134, p > 0.05; inattentive ADHD: Z = 1.147, p > 0.05), while the control group was significantly faster (Z = 2.438, p < 0.05).
Discussion
The present study was designed to evaluate the level of verbal working memory functioning in ADHD children. Disturbances in these cognitive functions can be considered as the typical feature of ADHD. Therefore their multidimensional description seemed to be very important. Finding the potential dysfunction caused by the neuronal basis of ADHD will be better understood. In this study two experimental tasks: "The simultaneous sum task" and "The subtraction with and without distractor task" were designed to assess verbal working memory.
The results obtained in "The simultaneous sum task" revealed no differences between mixed ADHD and inattentive ADHD groups. Diversity of symptoms in ADHD subtypes doesn't reflect diversity of difficulties in short but intensive concentration and working memory functioning. However, greater differences were observed between healthy children and children with mixed ADHD type than between healthy children and children with inattention ADHD type. These differences concerned the number of missing reactions. This means that children didn't remember numbers should be added. Thus, it may be considered not as a result of difficulties in the performance of the operation on verbal material (central executive system) but as a consequence of difficulties in material maintained in the * -significant on p < 0.05 ** -significant on p < 0.01 n.i. -no significant differences phonological loop of verbal working memory. In comparison of the different aspects of working memory, the storage system seems to be more disturbed. In "The simultaneous sum task" the concentration of attention can also be evaluated. Analysis of the dynamic of mistakes in the three parts of the task revealed that the quality of performance worsened with passage of time in the ADHD groups. This can be interpreted as a symptom of the worse state of attention. For comparison, in the control group the effect of better performance in the last part of the task was observed. These results can be explained by referring to difficulties in maintaining of attention in ADHD.
Verbal working memory was significantly involved in "The serial subtraction task" (the activity of the phonological loop consisting on storage the last number was spoken). Thus, the lack of differences in the number of mistakes between all groups shows that functioning of phonological loop is not disturbed if the level of task difficulty is not great. However, the longest time of performance the task in the group of mixed ADHD type could be interpreted as a consequence of impairments in the phonological loop. Using the external distractor raises task difficulty. It caused more significant differences in the number of mistakes between children with ADHD and healthy children. This may suggest that the loop functioning is not effective when selective attention is involved in the task. The presence of the external distractor caused difficulties in concentration on the task and in verbal working memory in children with mixed type of ADHD. It also caused impairments in concentration on the task and in mental processes (mathematical manipulations) in children with the inattention type of ADHD. The study revealed that healthy children were not susceptible to negative external factors. This fact was confirmed by faster progress of cognitive processes and the lower number of mathematical mistakes.
Additionally, the results of the study allow for making an attempt to conclude about the neuronal basis of disturbances showed by children with ADHD. Separate components involved in the storage and in the rehearsal of material are included in verbal memory independently of visual or auditory modality. The posterior parietal cortex (mainly in the left hemisphere) is involved in storage but the frontal region in rehearsal (mainly Broca's region, premotor cortex and SMA) (Baddley, 2003; Smith & Jonides, 1997; Gruber & Cramon, 2001; Martinussen & Tannock, 2006) . The dorsolateral prefrontal cortex is activated by the process of manipulating information, especially when information have been temporarily coded not only stored.
In the present study verbal working memory was evaluated. Results revealed a worse performance of tasks in ADHD children than in healthy children. On this basis conclusions can be drawn about impairments in the functioning of the posterior parietal cortex in the left hemisphere and in the dorsolateral prefrontal cortex.
The analysis of neuropsychological mechanisms has confirmed the hypothesis that the inattention type of ADHD diagnosed on the basis of DSM IV is "the weaker version" of the mixed type. This conclusion is consistent with prior research demonstrating that children with mixed and inattention types of ADHD have similar neuropsychological deficits and differences refer mainly to their severity (more severe in the mixed type).
